Tin-drop contamination was cleaned from multilayer-coated mirrors by induction of phase transformation. The β→α phase transition of tin was induced to initiate material embrittlement and enable facile removal of thick tin deposits. The necessary steps were performed under high-vacuum conditions for an in-situ demonstration of the removal of severe tin contamination from optics used for reflection of extreme ultraviolet light.
I. INTRODUCTION
In recent years, impressive progress has been made in the development and industrialization of high-performance scanners for next-generation lithography at extreme ultraviolet (EUV) wavelengths to be used in semiconductor manufacturing. 1 The laserproduced plasma light sources for EUV generation operated with tin droplet targets 2 have now reached output powers above 200 W that will enable high-volume manufacturing at chipmakers at throughputs exceeding the minimum requirement of ~125 wafers per hour. 3 To maintain high productivity levels of the expensive EUV scanner machine, not only the power of the light source but also its availability and uptime are equally of crucial importance. A considerable part of the availability budget of the source is taken up by the light collection mirror that is located near the bottom of the source chamber in very close vicinity to the hot tin plasma. It collects the generated EUV light at around 13.5 nm but can also accumulate considerable amounts of tin debris leading to deterioration of its reflectance over time. This large optics reflects at near normal incidence angles by means of a multilayer (ML) coating of ~50 alternating Mo and Si layers with a typical bilayer spacing of about 7 nm providing Bragg reflection of the incident EUV light from the tin plasma towards the illumination optics of the scanner. 4, 5 Although collector lifetimes exceeding 100 Billion pulses have been demonstrated at lower EUV power levels in source development as early as 2014 6 , further progress is urgently required to reach lifetimes greater than a few months during 24/7 high-power operation at repetition frequencies of ~50 kHz or more for chip production. Source debris mitigation techniques based on flows of hydrogen buffer gas that are employed for lifetime extension are only partially effective at the low pressure environment needed to transmit the generated EUV radiation. 3, 6 Keeping the gas absorption at acceptable levels limits the pressure in the source chamber. The stopping of energetic ions and of tin microparticles by collisions with hydrogen is then not complete. This can lead to buildup of tin contamination on the collector mirror. Furthermore, tin deposited on walls inside of the source chamber can fall or drip onto the collector surface. 3 Therefore, cleaning of accumulated Sn contamination from the mirror surface is periodically required in order to maintain the collector reflectivity at acceptable levels for long times during light source operation.
3
The collector mirror is an expensive consumable optics component. Collector modules in industrial sources are therefore designed for exchange at end-of-life enabling later use after cleaning and refurbishment processes. In the past, several different methods have been examined and tested for cleaning contaminating Sn deposits from the mirror surface. Mechanical techniques for tin removal are not considered to be viable cleaning options because of the high risk of induced coating damage. A wet-etch technique using as a cleaning agent an acid solution like HCl (hydrochloric acid) has been described. 7 However, this method usually requires complete disassembly of the collector module and its reassembly followed by qualification after mirror cleaning, resulting in turn-around times of several weeks. More extensive refurbishment by chemical removal of the top multilayers or entire coating from the EUV mirrors followed by re-coating is possible, but even more expensive and more time-consuming. 8, 9 As a considerably faster possibility for optics cleaning, the etching of tin by hydrogen radicals was examined in detail. [10] [11] [12] [13] It leads to the formation of volatile SnH 4 (tin tetra-hydride) molecules that may be pumped away. Corresponding schemes of plasma dry etching were successfully tested for collector mirrors with in-situ cleaning demonstrations carried out inside of the vacuum system, potentially avoiding a lengthy collector swap with related system downtimes. 6, 13 However, due to limited etch rates, reasonable cleaning times can only be achieved for the removal of Sn layers with a thickness of up to several tens of micrometers. It seems that thicker and more massive tin depositions are not easily removable from EUV optics in this way. Dry cleaning methods using intense gaseous or frozen-particle flows like CO 2 snow pellets, as described for EUV light source or mask cleaning, may also be applied. [14] [15] [16] However, such gas jetting techniques are most suitable for the removal of rough and powdery layers and less effective for thick and smooth Sn deposits adhering well to the coated mirror surface. Furthermore, this is a cleaning scheme that can only be applied to the collector when the source chamber is fully vented.
In this case, the collector module might as well be swapped for carrying out an ex-situ cleaning process.
In this paper, we describe and examine an alternative cleaning technique for tincontaminated EUV optics based on the initiation of a phase transformation of the deposited tin prior to its removal by puffs of dry or inert gas. The basic concept for 4 cleaning tin-drop contaminated optics in this way, and the related material science aspects of this method were presented very recently in a communication by one of us. 17 When tin in its normal metallic phase, β-Sn, is cooled to temperatures in a range of about -20 °C to -50 °C, it can undergo a phase transformation to gray tin, a rather brittle semimetal. 18 This phase, α-Sn, is the stable phase of tin with slightly lower entropy in comparison to β-Sn at temperatures below 13 °C. 19 The transition, also called tin pest,
occurs by a process of nucleation and growth 18, 20 ; generally, it needs to be induced by a seeding initiation mechanism on the surface 21 . As illustrated in Fig. 1 , the allotropic transformation is accompanied by a structural change of the material from a bodycentered tetragonal to a face-centered cubic (diamond-like) lattice leading to a strong volume expansion of about 26%. The extreme brittleness of converted tin deposits and its breakup by cracking after transformation to the α-Sn phase is the attractive feature for the purpose of optics cleaning. In the previous work 17 the transformation of tin drops was studied with its dependence on material purity as well as its use for ex-situ cleaning of ML-coated EUV mirror samples from Sn drops in air. However, cleaning should ideally be done in situ inside of the source chamber to avoid long system downtimes originating from venting, pumping and module swap cycles. Reliable and fast in-situ removal of thick tin deposits from the collector would greatly increase the source availability for the EUV scanner. It would also represent a significant cost reduction factor, if collector swaps could be avoided and 5 the number of spare collector modules per system could be decreased in this way.
Therefore, the main focus of the present study is on testing the tin cleaning by induction of tin pest inside of an ultra-high vacuum (UHV) chamber. In contrast to previous studies where the etching of deposited Sn layers was examined for film thicknesses up to 200 nm 10, 11, 13 , as a worst-case contamination scenario we study here massive Sn drops with a thickness of many micrometers, or even up to millimeters, by in-situ dripping of molten tin onto ML-coated optic samples. The purpose is to examine how β-Sn deposits can be Small pieces of Si(100) wafers (less than 1 inch size) with the surface polished to a roughness of <0.2 nm root-mean-square were used as EUV mirror substrates. They had previously been ML-coated by electron-beam evaporation. 22 The coatings consisted of alternating Mo and Si layers forming multilayers (50 bilayers) optimized for a peak reflectance R max above 0.65 at a wavelength close to 13.5 nm at near normal incidence.
The sample holder could accommodate either two square mirror samples with about 20 mm x 20 mm exposed area or up to six rectangular mirror samples of ~10 mm x 20 mm, held in place by a corresponding mounting plate made from aluminum. The EUV mirror substrates were cooled on the bottom side by thermal contact with the copper cooling table via contact pressure established by the Al holder. The EUV reflectance of a ML-9 coated sample was measured at 5° incidence angle at the reflectometer of the Physikalisch-Technische Bundesanstalt (PTB) in Berlin using synchrotron radiation. Tip of manipulator rod with two small baskets for sample infection.
The tip of the manipulator rod for in-situ inoculation is shown in the photo of Fig. 4b . It consisted of an aluminum piece with two bores of 3 mm diameter creating small baskets that could be loaded with α-Sn powder for sample infection. By adjusting the bellows of the manipulator and rotating the baskets either clock-or counterclockwise for emptying, the tin contamination on the EUV mirror samples could be inoculated in situ from above with α-Sn seed particles in at least two general locations. Gray tin seed powder was prepared by temperature cycling of tin pieces with repeated transformation between the α-Sn and β-Sn phase, as was described previously. 17 In most cases, but not always, inoculation of tin drops with α-Sn seeds was done within a few hours after tin dripping.
III. RESULTS AND DISCUSSION

A. Transformation of small tin drops on ML-coated sample
Square Mo/Si-coated samples contaminated with one or several tin drops were tested first. The mirror samples were mounted on the sample holder, the tin pieces were loaded on the trip tray and the infection baskets were filled with α-Sn powder. The chamber was then pumped down to a vacuum pressure of 10 -4 Pa or less. Samples were sometimes contaminated with one tin drop only. However, as described in the experimental section, a few pieces of β-Sn could be melted simultaneously on the tray by heating in parallel leading to sequential in-situ dripping of several tin drops. Fig. 5a shows a photo of a sample after tin dripping where several tin contamination spots were produced on its On the next day the sample was removed from the chamber after slow venting with nitrogen gas . Fig 6a shows a photo of the contaminated mirror in the Al holder after removal of the sample holder unit from the chamber. Since the substrate had been at room temperature for more than 12 hours, the appearance of the tin drops had reverted back to a more whitish color, but the large drops were still very brittle. They were removed from the surface with ease by several gentle puffs of dry air. The sample appearance after tin cleaning is shown in the photo of Fig. 6b . The large tin drops could essentially be fully removed, since due to long enough cooling time the α-Sn phase had propagated through the entire bulk of contiguous Sn material. In Fig. 6b a small In agreement with the previous ex-situ experiments 17 , cooling of the mirror samples to below -20 °C was found to be a prerequisite for reasonably fast progression of the phase transformation. A difference is that in the present in-situ transformation studies only the bottom side and the edges of the test substrates are cooled. The surface of the tin-drop contaminations and the seed particles where the transition is expected to start are also exposed to thermal radiation from the surrounding chamber walls. Therefore, their temperature is presumed to be slightly elevated compared to the substrate. In ex-situ transformation experiments inside of a freezer, on the other hand, the temperature is the same for the seeds on the surface, the tin drop and the substrate.
Apart from the temperature for cooling, a major additional factor for fast phase transition is the low amount of certain impurities present in the Sn material used here. Especially minute elemental impurities of Pb, Sb and Bi that are soluble in Sn can have a strong inhibiting influence on the phase transition. This was already pointed out in previous studies discussing the material science aspects of the transformation. 17, 24 In the tests reported here we have used tin of 99.999 % purity where concentrations of inhibiting elements are expected to be in the range of only parts per million, or even less. In contrast to the prior ex-situ tests where tin was heated and dripped in air with associated strong surface oxidation of the droplet 17 , the melting and dripping was now done under highvacuum conditions where only a very thin oxidation layer can be expected to occur on the surface of the Sn drop. Since a surface oxidation layer can reduce epitaxial contact between seed and bulk material, it was previously often removed by application of HCl acid prior to infection with α-Sn. In the present study, this was not necessary for all conversion tests reported here (and also not possible as long as the samples were kept under vacuum).
A weakness of the method in its present developmental state is the relatively low inoculation efficiency at the start of the phase transformation. Many small seeds of α-Sn with different orientations and particle sizes were used to create a few nucleation sites of gray tin on a body of beta tin. Inspection of the seed particles used in this work with a light microscope revealed α-Sn particles with irregular shapes and sizes down to about 1 μm in diameter. In essence, given sufficient time for transformation, it seems to be more difficult presently to induce tin pest on many small separated Sn contamination pieces with small mass and size in comparison to large contiguous tin drops due to the nucleation hurdle for the initiation of the transformation.
For further analysis, the sample discussed above was inserted into a scanning electron microscope (SEM, Zeiss DSM 982 Gemini). Figure 7a shows one of the SEM images with low magnification (50x) for a tin string located in a region near the center of the sample, indicated by the red rectangle in Fig. 6b . The corresponding energy dispersive x-14 ray (EDX) spectrum displayed a strong and dominant Sn signal (Fig. 7b) . A neighboring region visibly free from contamination in the SEM image gave an EDX intensity signal with only Si and Mo, originating from the Mo/Si-coating (see Fig. 7c ), whereas the spectrum in Fig. 7d for a region half-covered by the tin string showed signals of Si, Mo and also Sn, as was to be expected. Some of the very small micrometer-size particles on the surface were analyzed by SEM-EDX with much higher magnification, as well. Apart from the predominant particles containing Sn, a few particles producing Al or Si signals could also be found. Small aluminum particles could have originated from the holder; Si dust might have come from the edges of the Si wafer substrate. 
B. Transformation of massive tin drop on ML-coated sample
Transformation experiments were also carried out with rectangular EUV mirror samples. Evaluation of the cleaned surface resulted in an area fraction coverage by remaining particles of only 0.06%. In agreement with the observation for all other tin-contaminated test samples examined, no coating damage was visible on this EUV mirror in analysis with a light microscope at moderate magnifications using 5x to 50x objectives. Due to strong volume expansion by structural changes during phase transformation, numerous cracks developed in the converted material and the adhesion of the imbrittled Sn contamination to the surface was greatly weakened. Deformation of the transformed tin also occurred, leading to separation of the α-Sn from the substrate surface at the interface.
Therefore, the transformed brittle material fell off from the mirror under its own weight with ease, leaving a clean surface behind.
C. EUV reflectance after cleaning of ML-coated sample
The proof of successful cleaning can be obtained from EUV reflectance measurements of tin-cleaned samples. Tin is a strong absorber of EUV radiation. A homogeneous Sn layer on a EUV mirror with a thickness of only 5 nm would already lead to a (double-pass)
transmission loss of about 50% for radiation at a wavelength of 13.5 nm. 25 For each contiguous microscopic Sn contamination with a thickness of more than ~0.1 μm a practically complete absorption of EUV radiation occurs in the covered area on the mirror. Furthermore, the expected normal-incidence reflectance of a thick flat layer of tin is negligibly small (only ~0.23 % at 13.5 nm) 25 . Thus, for the mirror samples studied here, all regions covered by Sn deposits are expected to give nearly zero contribution to the reflected EUV light intensity.
Potential EUV reflectance degradation of the optics was examined by using a precharacterized mirror sample (25 mm x 25 mm square) that had been ML-coated with 50
Mo/Si-bilayers and a thin SiO 2 cap layer by magnetron sputter-deposition. The peak reflectance of the sample at near normal incidence that had been measured more than two years earlier at three positions on the mirror at the reflectometer of the PTB in Berlin 23 , was R max = 68.0 % at a wavelength of 13.6 nm. A tin drop with a diameter of ~7.5 mm was dripped ex-situ onto this mirror. Even though oxidation of tin occurred during dripping, no use of HCl was made for removal of surface oxides. Less than 30 minutes later, after infection with α-Sn seed particles placed on the surface of the drop, the sample was moved to a freezer for transformation at -24 °C, as described previously 17 . Photos of the sample with the tin drop before cooling and after 7 hours of cooling are shown in Fig.   9 . Essentially full phase transformation throughout the entire drop was reached within only about 7 hours of cooling. After cleaning of brittle gray tin fragments by puffs of dry air, the mirror surface was found to be free from any apparent Sn residues in visual inspection.
18 The reflectance of the cleaned sample was measured once more at PTB. As was briefly reported already 17 , the peak reflectance in the region of the tin drop location was then found to be R max = 67.0 % at 13.6 nm. For a more detailed discussion, the corresponding EUV reflectivity data obtained at 5° incidence angle are compared in curves (1) and (2) of Figure 10a for the center of the mirror before and after the cleaning experiment, respectively. Additional reflectivity curves (3) and (4) shown in Fig. 10b (before sample use and after tin cleaning, respectively) were taken in regions of the sample that had been covered by the tin drop before its removal. An upper limit of 1% can be deduced for the EUV reflectance reduction of the mirror after tin dripping and cleaning. The decrease was more likely in the range of 0.5 % or less, since EUV reflectivity measurements in two regions outside of the tin contamination spot now resulted in peak reflectance values R max of 67.2 % and 67.7 %, respectively, also lower compared to the initial peak reflectance of 68.0 %. This may be attributed to small changes caused by aging of the coating and by degradation during sample handling. A very minor wavelength shift of the reflectivity curves by ~10 pm can be observed, also in the region that was not covered by the tin drop, when comparing the curves before and after sample cleaning (see Fig. 10 ). The full width at half maximum did not change significantly in comparison to the measurements before tin dripping.
19 The result of EUV reflectivity mapping for a central portion of the sample at 5° incidence angle, taken by PTB at a fixed wavelength of 13.5 nm, i.e., 0.1 nm smaller than the wavelength of peak reflectance, is displayed in Fig. 11 . The data show that the sample did not exhibit a fully homogeneous reflectance pattern. The gradient in reflectance for this scan at 13.5 nm was about 0.5 % across the inner portion of the cleaned sample, consistent with the observed variation of the peak reflectance values in the spots where reflectivity curves were recorded. The area that had been covered by the tin drop is indicated in the map, as well as the locations where reflectivity curves were measured. In the region covered by the tin drop the level of reflectance at 13.50 nm after tin cleaning 20 of about 64.9% is of the same magnitude as the value obtained before cleaning at this wavelength (see Fig. 10 b) . This coincidence can be explained by the observed very small wavelength shift of the curves after tin cleaning to slightly shorter wavelengths which effectively cancels the concurrent small decrease of reflectance. At the wavelength of 13.5 nm this led to almost the same EUV reflectance values before and after cleaning even though the peak reflectance of the reflectivity curves near 13.6 nm decreased slightly. It may be concluded that it is likely that a reduction in reflectance due to small remaining Sn particles on the mirror is considerably lower than the upper limit of 1%. It also has to be kept in mind that no clean-room environment was available for sample handling; therefore, very small amounts of dust accumulation, which could also cause a decrease in EUV reflectance, cannot be fully excluded. Apart from EUV absorption and scattering by Sn particles remaining on the mirror surface, other reflectance degradation mechanisms such as deterioration of the ML coating may be considered here for the sake of completeness. It is known that prolonged exposure to elevated temperatures during annealing can induce a reduction of EUV reflectance of Mo/Si ML mirror structures. 26 This occurs due to increased inter-diffusion and/or growth of interlayers at the ML interfaces, leading effectively to a reduction in contrast by increased layer transition zones. Such processes generally also cause small shifts in center wavelength of the ML reflectivity curves. The latter was clearly not observed here. Furthermore, it has to be kept in mind that during dripping of molten tin with temperatures of ~260 °C onto the ML samples even in a vacuum environment, the surface is affected by high temperatures only for a very short time, since the heat is dissipated in the substrate very quickly. Thus, the time is just not long enough for any significant inter-diffusion processes to take place in the coating. For comparison, for dripping onto a steel plate at room temperature, experiments and simulations for liquid tin drops of similar size in comparison to those produced here have shown that the plate surface reached its maximum temperature value of ~170 °C in just a few milliseconds. 27 The time for the Si substrate surface temperature to return to near equilibrium after the heat transfer from the Sn drop can be estimated to have a duration shorter than about 0.5 s due to the high thermal conductance of the ML-coated substrate. Considering potential effects of temperature changes from room temperature in the opposite direction during sample cooling, there is no deterioration mechanism of ML coatings known to us that could cause a reduction in EUV reflectance after extended cooling times of the mirrors to cryogenic temperatures. To simulate a severe test, we have immersed Mo/Si-coated Siwafer samples in liquid nitrogen at a temperature of -196 °C for several minutes and also for more than 100 hours. At least no coating delamination or any other obvious visible damage was noticed during examination of the mirrors with a microscope after they were warmed up again back to room temperature.
IV. SUMMARY AND CONCLUSIONS
The cleaning tests performed in this study on small Sn-contaminated EUV mirror samples have demonstrated fast and efficient in-situ cleaning of thick tin drops from the ML-coated substrates by induction of tin pest. It was found that after inoculation with α-Sn seed particles massive tin debris attached to mirror samples could be transformed into brittle gray tin. This change occurred generally within less than ~12 hours of substrate cooling with cold nitrogen vapor to temperatures of about -25 °C to -40 °C under high-22 vacuum conditions. Subsequently, tin contamination could easily be removed with dry or inert gas without any substantial Sn redeposition, requiring at most one venting cycle. For an inclined sample, it was shown that the converted gray tin fell off from the surface under its own weight. Our tests demonstrated that in-situ transformation and cleaning of Sn contaminated mirrors in an evacuated chamber led to results similar to those that were observed with ex-situ methods previously. 17 In-situ tin transformation and subsequent cleaning could be achieved within a day. Generally, the area fraction coverage of not transformed tin remaining on the sample surface after cleaning was found to be well below 1%, often even below 0.1%. Measurements of EUV reflectance curves for a premeasured EUV mirror sample indicated a reflectivity decrease after tin dripping, phase transformation and cleaning in the range of only about 0.5%, with an upper limit of 1%.
We have tested a simple, low-cost cleaning method that applies specifically to tin contaminations, works fast for quite severe contamination by thick Sn deposits and introduces only very small amounts of high-purity gray tin powder into the vacuum environment. Having now established the capability for in-situ transformation and cleaning, this novel technique compares favorably to the other cleaning schemes mentioned in the introduction section. The use of acids is not required. During hydrogen plasma cleaning 13 that is dependent on the ion energy flux 28 , there is a danger that the ML-coating of the mirror can be affected or modified by etching or by implantation of hydrogen. This cannot happen during cleaning by tin pest induction. The removal of very brittle Sn debris after phase transformation to α-Sn can be carried out at a fast rate and can likely be performed in a considerably more gentle way in comparison to expected behavior during CO 2 snow-jet cleaning of untransformed beta-tin deposits.
There are three main prerequisites required for application of this technique: Cooling to negative Celsius temperatures to below at least ~-20 °C is needed for macroscopic conversion of contamination of ductile β-Sn into brittle gray tin pieces at a reasonable speed. Some high-purity α-Sn seed particles are being introduced into the chamber. For the Sn contamination to be cleaned, the presence of very low impurity levels of potentially inhibiting elements that are soluble in tin is required to ensure fast phase transformation.
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The implementation of this in-situ tin cleaning technique based on transformation by tin pest to contaminated collector mirrors in source modules of EUV scanners should be relatively straight-forward. The method can be applied especially to mirrors with internal substrate cooling channels where a mixture of ethylene glycol and water could be used as a low-temperature cooling fluid. The cleaning by allotropic phase transformation offers an interesting new way to reduce collector module maintenance times significantly. The cleaning technique by tin pest induction could also be applied to other optical elements, surfaces or internal hardware of source chambers for EUV lithography applications or to other tin-fueled light sources as long as the parts to be cleaned can be cooled to cryogenic temperatures for extended times.
As a next development step, the scalability of this cleaning technique to larger mirror areas and to mirrors with surface structure should be investigated. Other topics for future studies may be an examination of a possible thickness dependence in the cleaning of thin layers of deposited Sn and the influence on transformation speed by certain impurities that may be present in tin debris generated in EUV source chambers. A further important aspect is an improvement of the inoculation procedure to ensure that also contaminating tin particles of very small size and Sn micro-droplets on optical surfaces are efficiently converted to easily cleanable gray tin.
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